A spontaneous polarization that occurs below the Curie temperature is characteristic for ferroelectric materials. This polarization is sensitive to many external conditions such as an electric field, mechanical deformation, temperature, and chemical and biological factors. Therefore, bulk ferroelectric materials have been used for decades in sensors and actuators. Recently, special attention has been paid to ferroelectric nanostructures that represent better sensing properties than their bulk counterparts. This paper presents a comprehensive survey of applications of nanoferroelectrics in different types of sensors, e.g., gas sensors and piezoelectric, pyroelectric, and piezoresistive sensors of mechanothermal signals, as well as photodetectors, ionizing radiation detectors, and biosensors. The recent achievements and challenges in these fields are summarized. This review also outlines the prospects for future development of sensors based on nanosized ferroelectrics.
Introduction
Ferroelectricity was observed for the first time in Rochelle salt nearly a century ago [1] . This property of crystal is recognized as an occurrence of a spontaneous polarization. It originates from an asymmetric crystal structure which can induce nonoverlapping charges in unit cell centers leading to formation of a steady electric dipole moment. A spontaneous polarization of a ferroelectric can be switched between different stable orientations by use of an electric field of sufficient magnitude, known as the coercive field.
In the last decade, nanoscale ferroelectrics [2] [3] [4] have been investigated with increasing intensity. They exhibit numerous excellent properties such as direct and inverse piezoelectricity, pyroelectricity, ferroelectric photovoltaicity, and nonlinear optical activity. This exceptional combination of various properties makes them attractive for application in field effect transistors [5] , nonvolatile memories [6] , capacitors [7, 8] , photovoltaic cells [9, 10] , actuators [11] , piezoelectric energy harvesters [8, [12] [13] [14] [15] , thermal imaging cameras, and electro-optic devices [16] . Nanoferroelectrics are also commonly used in sensors, since the polarization is influenced by various external conditions, including an electric field, mechanical deformation, temperature, and chemical and biological factors.
Zero-and one-dimensional ferroelectric nanomaterials have been fabricated using different processing methods, e.g., vapor-phase (Sb 2 S 3 nanowires [17] , SbSI nanorods [18] ), hydrothermal (BaTiO 3 nanowires [14, [19] [20] [21] , BaTiO 3 nanoparticles [22] , BiFeO 3 [23] , KNbO 3 nanorods [24] , KNbO 3 nanowires [25] ), solvothermal (LiNbO 3 nanocrystals [26] ), colloidal (Sb 2 S 3 nanowires [27] ), sol-gel (PbTiO 3 nanotubes [28, 29] ), mechanochemically assisted (Bi 4 Ti 3 O 12 [30] ), electrospinning (BiFeO 3 nanofibers [9] , poly(vinylidene fluoride) nanofibers [31] ), and sonochemical (SbSI nanowires [32] [33] [34] [35] ). More information about recent trends in fabrication techniques of 0D and 1D ferroelectric nanomaterials can be found elsewhere [2, 36] .
Ferroelectric thin films show great potential for use in flexible sensing devices [37, 38] , e.g., electronic skin (e-skin). Essential papers on development of new materials for e-skin have been published by Bao's research group [39, 40] . A significant effort in the integration of ferroelectric films with flexible electronics has been made by Calzada and coworkers [41] [42] [43] [44] . For example, they developed a photocatalytically assisted decomposition of liquid precursors of metal oxides incorporating TiO 2 particles [43] for the preparation of ferroelectric Pb(Zr 0.3 Ti 0.7 )O 3 and multiferroic BiFeO 3 perovskite thin films. In another work [44] , they presented low-temperature fabrication of BiFeO 3 thin films directly on flexible polyimide substrates.
The finite size effects, observed for low-dimensional materials, are responsible for new physical phenomena. Comparing nanosized ferroelectrics to bulk crystals, one can notice modifications of physical properties, i.e., differences in values of Curie temperatures, dielectric constants, coercive fields, and piezoelectric response levels [2] . It is worth mentioning that the ferroelectric nanostructures are supposed to represent higher sensitivity in respect to their bulk counterparts [45] .
This paper is focused on application of ferroelectric nanomaterials in sensing devices and presents latest achievements in this quickly developing field. Different types of sensors are reviewed: gas sensors and piezoelectric, pyroelectric, and piezoresistive sensors of mechanothermal signals, as well as photodetectors, ionizing radiation detectors, and biosensors. [46] . They discovered that the impinging gas molecules can become trapped into a shallow physisorption, dominated by van der Waals interactions and influenced by polarization [46, 51] . The trapped molecules may move along the surface. Many of them spend a short time on the surface and then desorb. The chemisorbed species is formed, when the molecule, with sufficient energy to overcome an activation barrier, encounters an active site (e.g., an oxygen vacancy) [46] . A molecular adsorption of CO 2 at defect sites is the most energetically favorable mode of adsorption on the negatively poled surface (c − ) due to the fact that oxygen vacancies compensate the polarization charge and dissociative adsorption of CO 2 . It results in filling of the vacancy being less energetically favorable.
Gas Sensors
It was well documented that the dipole moment of a polar molecule may interact with the electric polarization of some domains on the ferroelectric surface [46, 47, 49, [52] [53] [54] . Consequently, the strength of molecular adsorption is increased [49, 51] . A comparison of polar and nonpolar molecule adsorption on oppositely poled LiNbO 3 surfaces was provided by Yun et al. in [54] . They proved stronger adsorption of 2-propanol on the positively poled surface and concluded that interactions between polar molecules and the ferroelectric surface are dominated by electrostatics [54] . The scanning tunneling microscopy investigations of the BaTiO 3 (001) surface [47] revealed the strong chemisorption of carbon dioxide on the c + ferroelectric domain and a weak interaction between CO 2 and the c − domain. Usually, this polarization-dependent adsorption is attributed to a dipoledipole interaction between the gas molecule and ferroelectric surface or it is explained by taking into account the differences in surface chemistry influenced by polarization variations [53] .
2.2. Ferroelectric Nanomaterials for High-Sensitivity Gas Detection. The high surface-to-volume ratio of ferroelectric antimony sulfoiodide (SbSI) nanowires makes them especially attractive for gas sensing applications. Starczewska et al. [32] for the first time presented the effect of water vapor on the electrical response of SbSI xerogel to explore its application as a humidity sensor. SbSI was prepared sonochemically from the constituents (the elements antimony, sulfur, and iodine). The used experimental setup and applied procedure were the same as described in [33] . SbSI xerogel (Figures 1(a) and 1(b)) was composed of nanowires with average lateral dimensions of 10-50 nm and lengths up to several micrometers. The impedance spectroscopy studies revealed that electric resistance decreased by three orders of magnitude with the increase in relative humidity (RH) from 10% to 85%. This high sensitivity of SbSI nanowires to humidity changes was explained taking into account dissociation of water molecules on the SbSI surface and generation of mobile protons. As it was proposed elsewhere [33] [34] [35] , the humidity sensing mechanism relies on Grotthuss' chain reaction [55] , where proton transfer occurs in hydronium and an ion-conductive layer is formed on the surface of SbSI nanowires. Recently, a simple route [56] for preparation of functional devices containing a few SbSI nanowires (Figures 1(c) and 1(d)) has been established. It has involved dispersion of SbSI xerogel in toluene, deposition of dispersed solution on special substrate equipped with microelectrodes, electric field-assisted alignment of nanowires, and their bonding to microelectrodes using ultrasonic nanowelding. Such prepared devices have been successfully applied for humidity sensing [35, 57] , as well as for detection of different gas molecules (H 2 [58] , O 2 [58] , and N 2 O [56], CO 2 [35] ). Comparing properties of humidity sensors made of an array of a few aligned SbSI nanowires and SbSI xerogel, it was concluded in [35] that latter one exhibits longer time response and simultaneously higher sensitivity to humidity changes. It was probably due to water adsorption in the form of clusters of H 2 O molecules agglomerated on the nanowire boundaries and near the contacts between nanowires. An electric current response of SbSI nanowires to humidity changes was found to be exponential [33, 35] . A similar behavior was observed for ferroelectric potassium niobate (KNbO 3 ) nanofibers by Ganeshkumar et al. [59] . In this work, highquality ferroelectric KNbO 3 nanofibers were synthesized via the electrospinning method. Then, a fabricated nanomaterial was used for fast and accurate humidity sensing, displaying a logarithmic-linear dependence behavior of an electric conductance with relative humidity. Similar to [35] , mobile protons were found to be responsible for a strong increase in electrical conductivity due to water physisorption on the grain boundaries and flat surfaces of potassium niobate [59] . Nanosensors based on KNbO 3 nanofibers exhibited [58] . An adsorption of oxygen and hydrogen resulted in an increase and decrease in electric current flowing through the SbSI nanosensor, respectively [58] . Such behavior indicated the p-type conductivity of SbSI nanowires. The reversible character of the response of the SbSI nanosensor to oxygen and hydrogen, realized by simple evacuation of gas from the test chamber, suggested that H 2 and O 2 molecules are physisorbed on the SbSI surface. The physisorption was dominated by van der Waals interactions and influenced by ferroelectric polarization [58] . The temperature dependences of electric current I T flowing through semiconducting SbSI nanowires in vacuum, as well as in oxygen and hydrogen atmosphere, were also measured (Figure 2(e) ). They exhibited a typical ferroelectric behavior; i.e., the slopes of characteristics I T changed near Curie temperature (T C ). The I T dependences were least squares fitted in the paraelectric and ferroelectric regions using the following relation:
where E A is the activation energy, I 0 represents the proportionality factor, and k B and T have their usual meanings. Table 1 presents the values of the fitted parameters and phase transition temperatures. The latter ones were evaluated as intersections of straight-line extrapolations below and above the knee of I T characteristics (Figure 2(e) ). Values of T C determined for SbSI nanowires in O 2 and H 2 (Table 1) were a little higher than T C in vacuum. It was recognized as well known the influence of adsorbates on phase transitions in ferroelectrics [60] . Thin films of other ferroelectric materials (i.e., (Ba, Sr)TiO 3 [61] [62] [63] and Pb(Zr, Ti)O 3 [63, 64] ) were applied by Zhu and coworkers for detection of hydrogen gas. In the case of all of these capacitor-type hydrogen sensors, the presence of H 2 molecules in air led to a decrease in Schottky barrier height through charges induced by hydrogen ions at the metal/ferroelectric interface. It was measured as a shift of current-voltage characteristics of the devices under a hydrogen-containing atmosphere. Zhu et al.
concluded that the high permittivity of the amorphous ferroelectric thin films enhanced the proton polarization at the metal/ferroelectric interface and, in turn, greatly improved the built-up interfacial potential induced by hydrogen [62] . The array of a few SbSI nanowires was also applied to sensitive detection of carbon dioxide gas in dry nitrogen [35] . The response of the SbSI nanosensor to different concentrations of CO 2 ( Figure 3 (a)) was fitted with the following empirical dependence
where ΔI CO2 denotes the change in sensor current at a certain CO 2 concentration (c), ΔI 0 = 9 3 12 fA represents the preexponential factor, and the power coefficient φ = 0 162 15 is related to the responsivity of an electrical conductivity of SbSI nanowires on changes of analyte gas amount. An influence of CO 2 concentration on sensitivity of the SbSI Table 1 . Reprinted from [58] . Copyright (2016), with permission from Elsevier. 4 Journal of Nanomaterials nanosensor ( Figure 3 (b)) was fitted using the following relation [35] .
where S 0 = ΔI CO2 /I 0 and I 0 is the reference value of the sensor exposed to dry nitrogen (without the CO 2 ). The sensitivity was found to decrease the sensitivity with increasing gas concentration ( Figure 3(b) ). It suggested that with the rise in the number of adsorbed CO 2 molecules, the density of active sites on the SbSI surface is reduced. The increase in electric conductance of SbSI nanowires upon exposure to CO 2 was attributed to formation of CO 2 δ-species interacting with the p-type SbSI surface [35] . The sensor based on SbSI nanowires was able to detect as low CO 2 concentration as 40 (31) ppm.
The most recent application of a few aligned SbSI nanowires was their use in ammonia gas sensors [65] . The comparable values of detection limits 6.0(24) ppm and 6.3(39) ppm were determined at operating temperatures of 280 K and 304 K, respectively. It should be underlined that these values are noticeably less than the recommended threshold limit value for human exposure to ammonia (50 ppm [66] ) and they are competitive to parameters of other conductometric NH 3 nanosensors [65] . A significantly higher response and sensitivity of the sensor were observed, when the operating temperature was lower than Curie temperature. It was suggested that strong interaction between ferroelectric domains and electric dipole moments of ammonia molecules was responsible for huge sensor response reaching over 800% at an operating temperature of 280 K [65] . The SbSI nanosensor demonstrated a high selectivity to NH 3 against other interfering gases (H 2 O, CO 2 , O 2 , H 2 , N 2 O, and CO). Moreover, it exhibited good stability and short-term response reversibility and did not require a heating system for recovery.
Wang et al. [49] proposed a ferroelectric nanosensor for noninvasive monitoring of acetone in exhaled breath. It was constructed using a mixture of tungsten trioxide polymorph (ε-WO 3 ) and Cr-doped WO 3 nanoparticles. This material has an acentric structure, where the polarity is affected by the displacement of tungsten atoms from the center of each [WO 6 ] octahedral [49] . The lowest concentration of acetone, detected by the WO 3 -based nanosensor, was 0.2 ppm. The sensor response was also tested for other gases (e.g., ethanol, methanol, NH 3 , NO 2 , NO, and CO). It was found that the interaction between the ε-WO 3 surface dipoles and large electric dipole moments of acetone molecules led to high selectivity to this gas detection [49] .
In 2016, Chakradhar Sridhar et al. [67] developed a polymerization method for fabrication of polyaniline (PANI) and indium oxide (In 2 O 3 ) nanocomposites. These materials exhibited applicability for detection of liquefied petroleum gas (LPG). An electric resistance of PANI/In 2 O 3 nanocomposites enhanced with LPG concentration increase. Maximum sensitivity for gas sensing was observed for composite of 50 wt% In 2 O 3 in polyaniline [67] . Table 1 : Parameters of (1) fitted to temperature dependence of electric current flowing through SbSI nanowires (Figure 2(e) ) in different gas atmospheres. Reprinted from [58] . Copyright (2016), with permission from Elsevier.
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In paraelectric phase (2) and (3); values of the fitted parameters are presented in the text; blue dashed line represents three times the standard deviation of the noise. Reprinted from [35] under the terms of the Creative Commons Attribution 4.0 International License.
Sensors of Static and Dynamic
Mechanothermal Signals 3.1. Pyroelectric Sensing. Pyroelectricity refers to electric charge generation mechanisms along specific crystallographic directions driven by changes in crystal temperature [2] . In [68] , it was proved that the pyroelectric coefficient of ferroelectric nanowires strongly increases with the decrease in nanowire radius. This size-driven enhancement of pyroelectric coupling can lead to the giant pyroelectric current and voltage generation by the polarized ferroelectric nanoparticles in response to the temperature fluctuation [68] . Zirkl et al. proposed a low-cost fabrication route [69] for a new generation of large-area flexible control and input interfaces based on ferroelectric active matrix sensor networks and printed displays. The matrix sensor array was printed using only five functional inks: fluoropolymer P(VDF-TrFE) (poly(vinylidene fluoride trifluoroethylene)), the conductive polymer PEDOT:PSS (poly(3,4-ethylenedioxythiophene):poly(styrene sulfonic acid)), a conductive carbon paste, a polymeric electrolyte, and a photoresist separation layer. Each pixel of the sensor array consisted of a 5 μm thick film of P(VDF-TrFE) and electrochemical transistor (ECT) acting as sensing layer and the read-out unit, respectively. For touchless control of the active matrix sensor, the pyroelectric operation mode was employed, whereas touch-based control was enabled by piezoelectricity of P(VDF-TrFE). A temperature or pressure change generated electric charges in the thin film of the ferroelectric polymer, which affected an electric current of the ECT and induced complete on/off switching. Finally, the responses of the pixels were visualized by means of a flexible electrochromic display connected to the output of the sensor array.
Recently [70] , Park et al. have developed a multimodal e-skin using a ferroelectric polymer composite (Figure 4(a) ) that contained poly(vinylidene fluoride) (PVDF) and reduced graphene oxide (rGO). This novel e-skin was able to detect simultaneously static and dynamic pressure, temperature changes, and vibrations. Moreover, it discriminated between these stimuli via different signal generation modes such as sustained pressure (piezoresistive), temporal pressure (piezoelectric), and temperature (pyroelectric). The negative temperature coefficient (NTC), observed for an rGO/PVDF composite film (Figures 4(b) and 4(c) ), was explained due to the change in the contact resistance between the rGO sheets by thermomechanical variation as well as the intrinsic NTC behavior of rGO [70] . Park et al. demonstrated that the rGO/PVDF composite film can be successfully applied as flexible temperature-sensitive e-skin (Figure 4(d) ). It was achieved by placing an array of 216 gold electrodes on the top and bottom of the film. Such prepared device was used for temperature mapping of a human hand placed on the e-skin, as shown in Figure 4(d) . Moreover, an electric resistance of the e-skin was further investigated immediately after contact with a water droplet at various temperatures monitored by an infrared (IR) camera (Figure 4(e) ). The dashed and solid lines, depicted in Figures 4(f) and 4(h), represent time dependence of droplet temperature and e-skin resistance, respectively. The initial variation of the e-skin resistance (for t < 0 2 s) was described using the following equation [70] .
where R denotes e-skin resistance and τ T is the characteristic time of resistance changes. The best fitting of the experimental data to (4) was obtained for τ T = 11 ms, confirming usability of the e-skin, based on the rGO/PVDF composite film, for fast monitoring of temporal and spatial variation of temperature.
3.2. Piezoelectric Sensing. Piezoelectricity is related to the generation of opposite electric charges on the surfaces of a crystal, when it is subjected to directional stress or under hydrostatic stresses [2] . In the current section, the most important achievements in an emerging field of nanosized piezoelectric sensors are highlighted.
Over the past 20 years, the integration of ferroelectric thin films into microelectromechanical systems (MEMS) [71] [72] [73] has revolutionized the research in piezoelectric microsensors. The large piezoelectric response available in ferroelectric films enables low-voltage operation of highsensitivity sensors [72] . The lead zirconate titanate (PZT) represents a family of ferroelectric materials which have been the most widely utilized in MEMS sensors. One should remember that the values of piezoelectric coefficients of PZT films are influenced by many factors, like film orientation, composition, grain size, defect chemistry, and mechanical boundary conditions. Numerous papers [71] [72] [73] [74] [75] have been published on strain measurements realized using cantilever-like MEMS sensors based on PZT thin films. A deformation of this flexible structure can be monitored by measurement of piezoelectric charges generated due to inplane strain. Furthermore, thin films of PZT have been also frequently applied in piezoelectric micromachined ultrasound transducers (PMUTs) [76] .
Graz and coworkers presented that a ferroelectret film can be mechanically and electrically interfaced with the amorphous silicon field-effect transistor via a thin dielectric coupling layer [77] . The ferroelectrets [78] exhibit ferroelectric-like hysteresis, switching, and a pronounced longitudinal piezoelectric effect with high piezoelectric coefficients [77] . Graz et al. laminated a cellular polypropylene film and amorphous Si thin-film transistor on polyimide substrate. Such prepared device demonstrated the ability to respond in a static capacitive or dynamic piezoelectric mode. The flexible ferroelectret field-effect transistor was applied as a pressure-activated switch, a microphone, and a touch sensor suitable for integration in e-skin.
A novel ultrasensitive strain sensor, based on PVDF thin film, has been recently developed by Lu et al. [79] . The proposed sensor array consisted of 16 microcapacitor units with a 4 × 4 square structure, which were patterned on polydimethylsiloxane (PDMS) substrate. The voltage signals of 20-300 mV were generated, when a pressure in the range of 60-150 kPa was applied to the sensor [79] . The device exhibited ultra-high sensitivity of 12 mV/kPa and extremely fast 6 Journal of Nanomaterials where the rGO/PVDF composite film is sandwiched between gold electrode arrays (18 × 12 pixels); (middle) photograph of a human hand on top of the sensor array; (bottom) contour mapping of electrical resistance variations for the local temperature distribution on the human palm; (e) a representative photograph and infrared (IR) camera images of water droplets with different droplet temperatures (64°C to −2°C) on the e-skins; (f and h) relative resistance (R/R 0 ) and temperature (T) variations of the e-skins after contact with water droplets (f) above room temperature (25°to 64°C) and (h) below room temperature (−2°to 21°C); temperature (T) change is measured by an IR camera; (g and i) initial stages of time-domain signals in (f) and (h) showing the variation of relative resistance immediately after contact between e-skins and water droplets; the solid lines represent a fit derived from (4). Reprinted from [70] under the terms of the Creative Commons Attribution-NonCommercial License. 7 Journal of Nanomaterials output response of 2.5 μs. The sensor based on PVDF film was used to record a magnitude and spatial distribution of the pressure applied on a human finger during its different modes of movement, i.e., shiatsu, kneading, and rubbing.
The multimodal e-skin containing the rGO/PVDF composite, discussed in the previous section, was applied in [70] for piezoelectric sensing of dynamic tactile stimuli. The interlocked geometry of the e-skin resulted in an increase in generated piezopotential in comparison to conventional piezoelectric films with planar geometry. The evaluated sensitivities of the piezoelectric current of the e-skin on the applied normal forces amounted to 35 μA/Pa and 5 μA/Pa for pressures lower and higher than 2.45 kPa, respectively [70] . The e-skin was also employed for detection of sound waveforms from a speaker. It should be underlined that the time-dependent variation of the voltage waveforms of the interlocked e-skins precisely matched the acoustic waveforms from the speaker, corresponding to various letters of the alphabet ("S," "K," "I," and "N"). The amplitude of measured piezoelectric voltage waveforms reached a maximum value at a sound frequency of 2 kHz.
The e-skin based on the rGO/PVDF composite was further arranged in a multilayered flexible ferroelectric sensor of static/dynamic pressure [80] . It exhibited a high performance with ultrahigh pressure sensitivity of 47.7 kPa [80] . Various types of mechanical stimuli were detected using multilayered rGO/PVDF e-skin, including weak gas flow, acoustic sound, wrist pulse pressure, respiration, and foot pressure.
It was described in [8] that an open-circuit voltage and closed-circuit current were generated in KNbO 3 -PDMS composite due to cyclic bending of this material. Jung et al. [8] provided arguments confirming that these signals actually originated from the piezoelectricity of KNbO 3 . One can see that it is possible to determine the value of dynamic strain applied to the KNbO 3 -PDMS composite up to 0.4% by simply measuring an electrical response of it.
In 2017, Shin et al. [81] fabricated a novel flexible motion sensor using ferroelectric lithium-doped ZnO-PDMS. The sensor was equipped with electrodes made of PEDOT:PSSfunctionalized Ag nanowires. This multifunctional device was successfully applied for monitoring of movement and temperature changes. Figure 5 presents a difference between resistive (a) and piezoelectric (b) sensing mechanisms adopted for detection of bending and stretching deformations. Time dependence of generated piezoelectric output voltage and relative electric resistance of the sensor is shown in Figure 5 (c). The magnitude of the measured electric signal was 2600% in the case of resistance response to 3 mm long stretching, whereas the bending and stretch motions with speed of 75 mm/s led to generation of open voltages of 1.48 V and 0.47 V, respectively.
In 2016, it was presented for the first time that ferroelectric SbSI nanowires (Figure 6(a) ) are suitable for application in shockwave detectors [82] . Before this study, many different bulk ferroelectric materials (e.g., PZT [83, 84] and PZST [85] ) have been proposed for use in devices recognizing shock pressure. An electrical response of SbSI nanowires on impact pressure of 5.9 MPa was investigated ( Figure 6(b) ). The following exponential function [83] was used for least square fitting of electric field decay after shock compression of SbSI nanowires:
where t 0 = 1 14 ms was the time when the transient of an electric field reached a maximum value and τ = 150 5 μs represented the recovery time, which was much higher than the response time on pressure impact (<10 μs). It was attributed to long lifetime of depolarizing potential and screening of charges [82] . The stress-induced depolarization of ferroelectric SbSI [82, 86] was responsible for generation of an open-circuit voltage in an investigated material. It should be underlined that the amplitude of an electric field reached the enormous value of E t 0 = 2 90 7 · 10 7 V/m, which was significantly higher than those reported in literature for other ferroelectrics [83] [84] [85] .
3.3. Piezoresistive Sensing. In order to monitor and distinguish between the temperature and pressure variations, Park et al. developed the ferroelectric e-skin by patterning an interlocked microdome array in the rGO/PVDF composite [70] . They investigated a response of the e-skin resistance to fall of water droplets at different temperatures. It was noticed that an external stress influences deformation, leading to significant change of the contact area between the interlocked microdomes. Due to this strong pressure dependence of contact resistance, the pressure sensitivity of the interlocked microdome arrays was found to be much higher than that of a planar film [70] .
Photodetectors
Ferroelectric materials that simultaneously possess also semiconducting properties are recognized as photoferroelectrics [88] . They are sensitive to light illumination, since photons in a semiconductor generate excess free carriers and induce a change in its electronic state. In 2013, Nowak et al. [89] analyzed photoelectrical properties of ferroelectric SbSI xerogel. An investigated sample was composed of a 5 μm thick layer of SbSI nanowires, deposited on the alumina substrate and aligned in the electric field. The Al 2 O 3 substrate was equipped with the interdigitated Pt electrodes with spacing of 250 μm. Figure 7 (a) presents the spectral dependences of photoconductivity current (I PC ) measured for different light intensities. These experimental results were least square fitted with the following semiempirical power equation [88, 89] :
where I L represents the intensity of an incident light and I PC0 λ, T and γ λ, T denote coefficients dependent on photon energy and temperature. Determined values of the power coefficient γ as a function of light wavelength are shown in Figure 7 (b). It was concluded in [88, 89] that obtained results indicated the nonlinear recombination of 8 Journal of Nanomaterials carriers in SbSI nanowires with the increase in excess carrier concentration. A photoelectric response of an array of a few SbSI nanowires to argon laser illumination (λ = 488 nm) has been recently investigated (Figure 8(a) ). Such device containing a few nanowires of SbSI is presented in Figures 1(c) and 1(d) and described in Section 2.2 of this review. The influence of illumination intensity on photoconductivity current, depicted in Figure 8(b) , has been least-squares fitted with (6) in order to determine the values of parameters γ = 0 766 61 , I PC0 = 1183 52 · 10 −30 A. It should be underlined that the photodetector, based on an array of a few SbSI nanowires, exhibits short response and recovery times (less than 4.5 s).
It should be noted that ferroelectric P(VDF-TrFE) was demonstrated to play a significant role in the development of photodetectors constructed from a single semiconducting nanowire (e.g., CdS [90] and InP [91] ). Its application in polymer side-gated devices resulted in dark current reduction and sensitivity enhancement in comparison to traditional nanowire field-effect transistors. It was due to the fact that intrinsic carriers in a nanowire channel were fully depleted by an ultrahigh electrostatic field arising from polarization of the ferroelectric polymer [90, 91] .
Thin films of many different ferroelectric materials (Pb 0.97 La 0.03 (Zr 0.52 Ti 0.48 )O 3 (PLZT) [92, 93] , PZT [94, 95] , and Bi 4 Ti 3 O 12 [96] ) were employed in ultraviolet (UV) sensors. Lai et al. designed and tested a photovoltaic ultraviolet (UV) detector with a unique structure [92] . This device was composed of an in-plane polarized PLZT thin film (1 μm) on a transparent silica substrate. The top surface of the 9 Journal of Nanomaterials photodetector was equipped with the interdigital electrodes. A 200 nm thick yttrium-stabilized zironia (YSZ) was used as a buffer layer between PLZT film and silica substrate. The device was encapsulated in a flip-chip package and hermetically sealed with an epoxy. A response of the back-illuminated photodetector was much higher than the response obtained for irradiation of the PLZT film top surface [92] . The novel device configuration, proposed by Lai et al., enables low-cost, effective, and scratch-and moisture-proof monitoring of UV in harsh conditions.
Ionizing Radiation Detectors
One of the new interesting prospective applications of nanosized ferroelectrics is their use in ionizing radiation detectors. Recently [97] , Aguiar et al. have synthesized bismuth sulfoiodide (BiSI) nanostructures via the solvothermal method. BiSI is a ferroelectric semiconductor with the indirect energy band gap of 1.57 eV [98] that belongs to a group of ternary chalcohalide materials. Nanorods of BiSI with dimensions in the range of 100-200 nm were synthesized in monoethylene 
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Journal of Nanomaterials glycol in a home-made Teflon-lined autoclave at 453 K during 20 h. The obtained material was compacted into the pellet applying a 15-ton press. Then, gold electrodes were deposited onto the pellet as front and rear electric contacts. Such prepared device was used for detection of X and gamma ray radiation of 241 Am. The BiSI-based detector exhibited a signal-to-noise relation of 1.4 for an exposure rate of 3.5 mR·h −1 [97] . However, in the case of radiation doses of 0.4 mR·h −1 and 14 mR·h −1 , no noticeable response and a behavior corresponding to saturation conditions were observed, respectively.
Biosensors
The novel and appealing trend in application of ferroelectric nanomaterials is their use in sensing devices exhibiting a biocompatibility. Nguyen et al. [99] presented that nanoribbons of PbZr x Ti 1-x O 3 (PZT) can be exploited to measure mechanical deformations of neuronal cells in response to electrical excitations. In addition, arrays of PZT nanoribbons were transferred onto an elastomer (PDMS) in order to scale to macroscopic areas. Then, they were contacted with interdigitated gold electrodes and poled in the plane of the ribbons. The fabricated device was biointerfaced with the multicellular tissue of an extracted cow lung. Periodic deformations of PZT nanoribbons were evoked by a respiration process, stimulated by a bicycle pump attached to the lung. The magnitudes of voltage and current signals, generated in PZT, exceeded 0.5 V and 3 nA, respectively [99] .
Another approach for the application of ferroelectric material in the biosensor was proposed by Li and coworkers [100] . They fabricated a flexural resonant mode diaphragm (FRMD) device. It consisted of a top electrode, a piezoelectric layer (thin film of PZT), a bottom electrode, and a supporting layer. The FRMD sensor was excited by an AC voltage through the converse piezoelectric effect. Oscillatory movement of the diaphragm generated a two-phase ring cycle with a periodic swing. A resonance frequency was determined from an impedance spectrum. Mass loading on the surface of the sensor led to a shift in resonance frequency. The FRMD sensor based on the thin film of PVDF was able to detect yeast cells in water.
Summary and Future Outlook
Low-dimensional ferroelectric materials have been demonstrated as suitable for application in gas sensors for many purposes, including medical diagnosis, early fire detection, indoor air quality monitoring, and control of industrial processes. Sensors based on nanosized ferroelectrics exhibit numerous advantages, including reduced size, small power consumption, reversibility, selectivity, and reliability. It should be underlined that induced or permanent dipole moments of gas molecules interact with the electric polarization of the ferroelectric domains. It supports molecular adsorption on the sensor surface and leads to sensitivity enhancement. Development of the multimodal platforms for gas sensing that can discriminate between different types of gas molecules is a particularly intriguing area for future investigations.
A great potential for application of ferroelectric materials in sensors of different mechanothermal signals has been well documented. The presented cutting-edge devices can detect static and dynamic pressure, strain, temperature changes, surface texture recognition, vibrations, acoustic sound, and shockwaves. In addition, many of the described sensors are able to distinguish between these stimuli via various signal generation modes, i.e., sustained pressure (piezoresistive), temporary pressure (piezoelectric), and temperature changes (pyroelectric). One can predict that development of these smart sensors will result in fast progress in flexible electronics, humanoid robotics, and defense technologies.
One of the interesting prospective directions for future research is fabrication of new ferroelectric nanomaterials and their optimization for use in ionizing radiation detectors. Despite promising values of resistivity, signal-to-noise relation, and sensitivity of BiSI nanorods, they have defects and are not sufficiently homogeneous. Moreover, huge effort 11 Journal of Nanomaterials should be made in order to eliminate device saturation and improve the charge transport in the BiSI detector.
The integration of nanosized ferroelectrics into biological systems seems to be especially important for development of medical diagnostic devices and health care monitoring systems. Probably, the ferroelectric self-powered nanosensors will enable measurements of signals arising from such small biological structures as axons or dendrites.
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